We investigated the expression pattern of the endothelin-A receptor and endothelin 1 genes, the mutations of which affect the development of the mesectodermal derivatives of the neural crest. We show here that endothelin 1 is expressed by the environment of the cephalic neural crest cells invading branchial arches. Later on, while the neural crest-derived tissues of the head continue to express endothelin-A receptor, endothelin 1 is no longer expressed in their environment. © 1998 Elsevier Science Ireland Ltd. All rights reserved Keywords: Endothelin 1; Endothelin-A receptor; Avian; Neural crest
The neural crest (NC), a transient structure of the vertebrate embryo, yields a great variety of derivatives. Among the extrinsic factors involved in the development of NC (reviewed in Le Douarin et al., 1994; Anderson, 1997) , the endothelin (EDN) family was recently shown to play an important role. Knock-out experiments in mouse showed that while EDN3 and its receptor, endothelin-B receptor (EDNRB), play a critical role in the development of melanocytes and enteric nervous system Hosoda et al., 1994) , EDN1 and EDNRA are involved in the development of craniofacial derivatives of the NC (Kurihara et al., 1994; Kurihara et al., 1995; Clouthier et al., 1998) . Interestingly, the knock-out of endothelin converting enzyme-1 which is involved in proteolytic processing of both EDN1 and EDN3 reproduces the developmental abnormalities seen in EDN3 and EDNRB inactivations on one hand and EDN1 and EDNRA inactivations on the other hand . In a previous work, we analyzed the spatiotemporal expression pattern of genes encoding EDNRB and EDN3 in the avian embryo, a model in which NC development has been particularly well documented. We showed that EDN3 is expressed by the environment of the enteric nervous system and of melanocytes (Nataf et al., 1998) while these NC-derived cells express EDNRB or its subtype EDNRB2 (Nataf et al., 1996; Lecoin et al., 1998) . In the present work, we analyze the spatiotemporal expression patterns of EDNRA and EDN1 with a focus on cranial NC derivatives in order to find out if this receptor/ligand system acts directly or indirectly on cephalic NC and at what time in ontogeny. In situ hybridization experiments on sections of chick embryos from the 12-somite stage (ss) up to 12 days of incubation (E12) were performed by using radioactively labeled EDNRA and EDN1 riboprobes.
At 12ss, in contrast with data obtained in mouse cephalic NC cells (NCC) exiting from the neural tube do not express EDNRA in chick. At all the other stages examined, cephalic NCC express EDNRA. Fig. 1A -D shows that, at 21ss, cephalic NC at the end of migration on the lateral side of the neural tube express EDNRA, while EDN1 expression was found in the surface ectoderm and optic vesicles. EDNRA expression by NCC was found at every cephalic level. At E3 and E4, both EDNRA and EDN1 are expressed in branchial arches (BA). At this stage, BAs are colonized by NCC which later yield mesec- todermal derivatives of the head and the neck. Strong mesenchymal-epithelial interactions occur there and are essential to the morphogenesis of the head. The expression patterns of the receptor and the ligand in the BAs are clearly complementary (Fig. 1E-H) . Indeed, the expression of EDNRA is virtually restricted to NC cells which are mainly localized at the periphery of the BAs. EDN1 is expressed in the BA ectoderm, endoderm and mesoderm localized in the center of the BAs, i.e. in the environment of NCC. These data are consistent with the expression of EDNRA and EDN1 in BAs in mouse . In addition we observed EDNRA expression in cranial ganglia, such as trigeminal, vestibuloacoustic and ciliary ganglia. In trigeminal and vestibuloacoustic ganglia, which are of mixed origin (placode plus NC), the labeling is heterogeneous, suggesting that only NC derived cells are positive (Fig.  1I,J) . EDN1 transcripts were not detected around the cranial ganglia. At later stages (E6, E9, E12), EDNRA is abundantly expressed in craniofacial NC derivatives. Fig. 2A -D shows the presence of EDNRA transcripts in the cephalic dermis including the mesenchyme of feather buds, in the olfactory mesenchyme and in the perichondria of NCderived cartilages. However, the expression of EDNRA in cartilage is not restricted to NC-derived cartilage since transcripts are also present in the perichondria of the vertebrae (not shown). The NC-derived mesenchyme associated with the periocular muscles is EDNRA positive while muscular cells of mesodermal origin are negative (Fig. 2E,F) . In the thyroid and parathyroid glands, connective cells are EDNRA-positive (not shown). EDNRA expression was also found in the NC-derived epineurium of the cephalic peripheral nerves. Cranial ganglia which are EDNRA positive at E3-E4 do not retain this expression, as observed at E9. In contrast to the expression pattern in BAs at E3-E4, we did not find EDN1 expression in the immediate environment of cephalic mesectodermal derivatives at E6, E9 or E12.
While no EDNRA expression was found on the dorsoventral pathway of truncal NC cells at 21ss, we noted an expression of EDNRA in dorsal root ganglia (DRG) at E4 (not shown). This expression was unexpected since the inactivation of EDNRA gene does not affect the DRG . However this expression is transient (it was not detected at E5 and E6) and EDN1 is not expressed in the mesoderm surrounding the DRG. Expressions of EDNRA and EDN1 were also recorded in some non-NC-derived tissues studied up to E6: vessels (Fig. 2G,H) heart, kidney and liver for both genes; the mesenchyme of the gut, pulmonary mesenchyme and gonads were found to express EDNRA while strong expression of EDN1 was recorded in optic vesicles at E2 and E3 (Fig. 1C,D) .
In conclusion, in birds, EDNRA and EDN1 are simultaneously expressed from E2 to E4. In Bas, the mesenchymal cells express the receptor and the adjacent epithelial structures as well as mesodermal cells express the ligand. From E5 onward, EDNRA remains expressed in NC mesectodermal derivatives whereas its ligand EDN1 has been switched off. Therefore, these two molecules are co-expressed at a critical step of the epithelial-mesenchymal interaction in BAs.
Methods
Antisense and sense RNA probes were prepared from the chicken EDNRA full-length cDNA (3 kb) and chicken EDN1(1.2 kb) (unpublished sequences) by in vitro transcription using T3 and T7 RNA polymerases. In situ hybridization is described in more detail in Eichmann et al. (1993) .
